Tahles of values for the viscosity and thermal conductivity of fluorine are presented in the ~ange 70.300 K fo~ pressures uP. to 200 atmospheres. Experimental results were reviewed hut were Judged to he unre~lahle. Accordmgly, dilut~ g~s values were determined from kinetic theory using the m-6--8 po~e~tlal, ~nd dense ga~ and hquld values were obtained from the modified Enskog theory. The critIcal pomt anomaly m the thermal conductivity coefficient is also discussed.
Introduction
Fluorine is so toxic and reactive that its physical properties are difficult to measure, but it is potentially an important cryogenic fluid and such properties are needed. In this paper we examine the transport properties of fluorine and present tables of the viscosity and thermal conducti vity coefficients. Because, as we will discuss, the experimental data are generally unreliable, the tables cannot be regarded as definitive; nevertheless we believe they represent the best values one can obtain at this time.
Data
The experimental situation was first investigated, and it was apparent at once that the data available were scarce and scattered. A literature search carried out by the CryogeniC Data Center, National Bureau of Standards, Boulder, yielded the following experimental references applicable for temperatures less than 300 K: liquid viscosity [2J~4 liquid thermal conductivity [19] , dilute gas viscosity [4, 10] , and dilute gas thermal conductivity [3] . We plot data from these references in figures 1 and 2. 5 We evaluated the data as follows: the viscosities of Kanda, reference [10] , cannot be considered reliable. ~rom comparisons between the results of several proper-tIes measured hy Kanda (P VT, dielectric constant, surface tension) and more recent work [2, 14J, we have concluded that the fluorine used by Kanda was impure.
We also have to reject the thermal conductivity values of reference [19] . The data were intended to be taken close to the saturated liquid boundary but the pressures reported at the various temperatures do not seem plausible. Our opinion is that either the temperature control in the experiment was inadequate, or hydrogen fluoride was present in the fluorine. Based on an examination of references [3] and [4J, and our experience of the work of Frank, we place an error estimate of five percent on the data reported therein. It is difficult to judge the reliability of the data quoted in reference [2] since the experimental procedure is not reported in sufficient detail. . In summary, t~e. experiments on the transport proper-le5 ar~ clearly lmutcd, and we considcred it csscntially Imposslhle to hase a correlation over a significant range of temperature and pressure on the a vaiIable data. Accordingly. we decided to construct tables from predictive techniques only. This decision was also influenced hy the fact that Prydz and Straty f14) have recently measured several equilibrium properties to a high degre~ of precision over a wide pressure and temperature range, from the triple point to 300 K for pressures up to 21 MN/m 2 (1"'..1200 atm). An equation of state was derived. This equation of state plays an essential role in our predicti ve procedure.
Transport coefficients will he discussed in three sections corresponding to the dilute ga8, the dense gas and liquid. and the region around the critical point. The experimental range covered is from 70 to 300 K for pressures up to 200 atmospheres.
Dilute Gas
Dilute gas coefficients form the basis for transport property calculations for the entire gas and liquid phases. In the absence of reliable data, the most practical way to determine them is to use kinetic theory.
Viscosity
The kinetic theory equation for the viscosity is [8] :
where m is the weight of a molecule, k is Boltzmann's constant, and T the temperature in Kelvin. The quantity n(2.2)* is a dimensionless collision integral which takes into account the dvnamics of a binary collision and is characteristic of the intermolecular potential of the colliding molecules. For a given potential, <I>(r), with an energy parameter e (defined as the value of <I>(r) at the maximum energy of attraction) n C2 • 2 )* can be determined as a function of reduced temperature T*:
The parameter u is a distance parameter, also characteristic of the intermolecular potential, which approximates an effective hard sphere diameter, and is the value of r when <I>(r) = o. The specific relationship between n C2 • 2 )* and <I>(r) is as follows. We define a parameter g* as the reduced relative kinetic energy of two colliding molecules: g*=Y2fJ..g2/e, where fJ. . is the reduced mass and g the relative velocity. A parameter b is defined as the distance of one molecule from the direction of approach of another before collision.
If r is the intermolecular separation and rc the dis .. tance when the molecules are closest, we can show that the angle of scatter, x, after a collision is related to the 
(Q* is dimensionless and has been reduced by the corresponding value for molecules interacting with a hard sphere potential.) Finally, n C2 • 2 )* is obtained by integration of Q over all values of g*, n(2·~)*(T*) 1 fco exp (-g*2/T*)g*7Q(g*)dg*.
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A full discussion on these equations is given in reference [9] .
Thermal Conductivity
The kinetic theory expression for a polyatomic gas uscd by us is the expression deriyed by Mason and Monchick [13] :
In equation (6), c/' is the internal ideal gas specific heat per molecule, Z the rotational collision number (defined as the number of collisions needed to relax the rotational energy to within 1/ e of its equilibrium value, where e is the natural logarithm base), and pDo is the product of the self-diffusion coefficient and the density, p, which can be obtained from _ the expression:
Here n(l,l)* is the collision integral for diffusion, similar to equation (5).
The Intermolecular Potential Function, <I> (r)
It is apparent from equations (1-8) that, given c/' and Z, the calculations for the viscosity and thermal conductivity coefficients require the function <I>(r) to be known. Unfortunately, obtaining <I>(r) for a fluid presents a problem: except for the very simplest systems, <I>(r) has to be based on a model of the intermolecular interaction and so uncertainty is incyitahly introduced into kinetic theory or statistical mechanical calculations. Nevertheless, model functions are often all that one requires if they are employed carefully. For example, a recent function, proposed by Klein and Hanley 111), has been found to be very useful. The function is called an m-6-8 and has the form:
where d=rm/O'. The potential given by equation (9) dr* (10) VISCOSITY AND THERMAL CONDUCTIVITY OF FLUORINE 1103 or (11) where N is Avogadros number. (Equations (10) and (11) should, strictly speaking, he modified for a polyatomic gas hut that is not necessary here.) We have found that equation (9) can he used to correlate and predict the properties of simple non-polar polyatomic gases (oxygen, nitrogen, carbon dioxide, for example) to within about five percent of experiment.
Calculations for Fluorine
We need, therefore, to determine potential parameters for fluorine. We cannot do this from transport data so we obtained the parameters by fitting the second virial coefficients published by Prydz and Straty [14] as follows:
A set of reduced second virial coefficients, B* of equation (11) , are available as a function of T* for several vetluco uI lit ·aud 'Y {12J. We do not have enough experimental information to determine a unique set of m, ,)" (J and Elk so we fixed Tn at 12 and')' at 2.0, hased on our experience with other gases. We varied fY and €/ k until a best fit of the experimental second virials was obtained via equation (11) ~ The parameters chosen were: m= 12, ')'=2.0, u=3.32 A (1 A=10-lO m), and <Jk=138.0 K, table 1. 6 We also ha ve tables of the collision integrals, equation (5) , versus T*. Hence, given the above parameters, Q(2.2)* was calculated at various temperatures for insertion into equations (1) and (6) . The internal specific heat c./' and the rotational collision number Z are also required. However, the former quantity has been deter-Dlined by Straty haaed on preyious NBS work [20] . The latter quantity can be estimated sufficiently well from the corresponding values for oxygen, nitrogen, and methane given in reference [51. For these gases, the dimensionless Z varies between about 2.0 at T= 100 K and about 4.0 at T=300 K according to the linear equation (for this temperature range): Z= 1.0+ TjIOO.O.
It was assumed that the equation held for fluorine. (We can verify that the contribution due to the last term on the right hand side of equation (6) is small, so Z is only required approximately.)
Having, then, values. for c/', Z, u, and the collision integrals, the viscosity and thermal conductivity coefficients of dilute gaseous fluorine were calculated from p-qnations (1) and (6) and tahulated in tablc 2. We judge the numbers to he accurate to within five percent hased (a) on the possible uncertainty introduced when parameters obtained from the virial coefficients are used to calculate transport coefficients and (b) on the experimental error in the virials themsel ves.
Dense Gas and Liquid
As for the dilute gas, transport measurements will not be used. to estimate the transport properties for the dense 6 Tables have been placed at the end of this paper. gas and liquid. Before discussing our prediction method, however, we introduce the transport coefficient excess functions. These functions are defined for the viscosity and thermal conductivity by the relations:
where r](p, T) and 'A(p, T) are the values of the coefficients at a particular density and temperature and 'f/o(T) and Ao(T) are the dilute gas coefficients. The functions have heen found to be a convenient way to represent· transport coefficients over . a wide range of temperatures and densities IlJ because experiment indicates that they are generally a relatively weak function of temperature at constant density. That is, the temperature dependences of 'f/(p, T), and A(p, T) are apparently very dose to the teDlperature dependences of the dilute get;; eueffu:ieIltlS.
In fact, except for the light molecules, the temperature dependence can often be neglected, and it is therefore possihle to compress a considerable amount of inf()rma~ tion on essentially a single curve of the excess function plotted versus density.
The Modified Enskog Theory (MET)
At this time no rigorous transport theory can be applied to fluorine, other than for the dilute gas. For reasons given in the appendix, we also reject the straightforward use of the law of corresponding states to obtain fluorine transport properties. The only procedure suitahle to pTf¥lir.t both the viscosity and theI'lllal conductivity coefficients for this fluid over a wide experimental range is the semi-empirical modified Enskog theory (MET).
Since a full discussion on the MET has been presented in reference [6J, it is not necessary to comment here on the theoretical background or the derivation of the expressions for the transport coefficients. However, the hasic characteristic of the MET is especially relevant to this paper and should he stressed, viz., that transport coefficients in the dense gas and liquid can be determined hy using only equation of state data and the dilute gas transport coefficients. The latter, in turn, can be calculated in prindple via equations (1~8) with an intermolecular potential function obtained from the second virial coeffi~ient~_ 'Thns, experim.ental transport data are not required.
The MET equations are:
Thermal Conductivity:
where 1]0, Xo', and Xo" are dilute gas transport coefficients.
The viscogity '10 is given hy equation (1), }...o' by equation (7) , and Xo" = pDoc/' from equation (6) . The term bpx is a function of the equation of state variables, pressure (P),
v with p the density and R the gas constant. To find b we write P V j RT as a virial expansion: (17) where Band C are the second and third vidal coefficients. Substituting equation (17) into equation (16) we have
But, in order that equations (14) and (15) approach the correct limiting values as' p~O, we require x~ 1 as p~O. Hence,
Equations (16) and (19) also allow x to be found for inclusion in equation (15) . We have determined MET transport coefficients for many fluids from the appropriate equations of state and intermolecular potential functions [6J. Figures 3 and 4 illustrate selected comparisons of the MET calculations against experiment for argon, nitrogen, oxygen, and -methane. 'The re!,\l1lt~ are ~hown in the eycegg function format, equations (12) and (13) . The temperature dependence of hoth the theoretical and the experimental excess functions has been neglected, which is justified for temperatures not exceeding about 300 K.
A conclusion from figures 3 and 4-substantiated by results for other fluids (H2, He, Ne, CO2 (6, 7] )-is that the representation of experiment by the MET is good up to the critical density, Pc, and reasonable up to densities of about 2pc. By reasonable, we mean that an agreement of around 10 percent .between experiment and theory is achieved. Consequently, returning to fluorine, we have every reason to assume that a straight-forward prediction of the transport properties of fluorine by the MET from the equation of state of reference [14] would be adequate for densities up to 1".12pc. Our ohjective is to produce values from the triple point to 300 K for pressures up to 200 atmospheres; therefore the MET values would be adequate for temperatures above 160 K. For temperaiures and pressures corresponding to densities above the upper limit, we must expect the MET calculations to be in error. However, an inspection of figures 3 and 4 indicates that the pattern of deviations between theory and experiment can vary from one fluid to another and it is not obvious what kind of deviation would be ob. served for fluorine if data were available. FUl,tumnely, we think this problem can be overcome. In our previous work we attempted to clarify why, in a macroscopic sense, deviations between MET and experiment apparently do not follow a consistent pattern, and our conclusions can be applied to fluorine. In reference [61 we investigated the density dependence of the excess function at constant temperature, (a!J..Xjap)T, the temperature dependence at constant density, (aD.XlaT)p, and the variation of the transport coefficients along the saturated liquid boundary, (dX/dT)sat., where X=1], ' A.
These last derivatives were most convenient to work with, and because the behavior of the transport coefficients at saturation is indicative of their behavior in the liquid as a whole, they gave a great deal of information. The MET expression for (d l1 ldT)sat. is written here to illustrate the procedure. From equation (14), a dimensionless equation can be deriycd:
where L is given by
aT p ap T dT sat."
To shorten the notation, we have written, j=bpx (given by equation (16)), (] +0.8+0.761/) .
By substituting experimental values for several fluids into each of the dimensionless terms of equation (20) (and into the corresponding terms for the thermal conductivity equation), and by plotting these terms against a dimensionless temperature, TITe, with Te the critical temperature, it was possible to compare MET results for the different fluids in detail. Actually, the comparison turned out to be relatively simple because the differences showed up essentially only in the term involving the second viria} coefficient, T(dbldT)jb. Figure 5 illustrates a plot of this dimensionless derivative against TITe fOJ" oxygen, methane, argon, and nitrogen. We have avoid.ed applying the law of corresponding states directly but one could still hope that a restricted form of· correspondence between dense fluids . might occur. For instance, it is possible that fluids which have a similar behavior in some dimensionless variable (such as T(db/dT)/b) as a function of reduced temperature and density will show similar behavior in their transport coefficients. This may well be so because a direct correla M tion between the behavior of T(dbjdT)/b and the deviations between the MET and experiment seems to exist.
For example, the MET predictions for argon and nitrogen are too low for viscosity but too high for thermal conductivity, whereas the predictions for oxygen and methane are too high for both coefficients. Inspection of figure S reveals that the values for 1'(dbjd1')jb are similar for argon and nitrogen, that is, they follow about· the same curve when plotted against 1'1 Te. Such values, however, are substantially different from those for oxygen and methane which are. in turn. quite similar. In other words, plots of T(dbldT)lb against TITe for the four fluids seem to fall into two groups and can be associated with a given MET prediction of experiment. Observations with other fluids not discussed in detail here, hydrogen, helium, and neon for example, reinforce this.
Application to Fluorine
MET values for the viscosity and thermal conductivity coefficients of fluorine were determined from equations (14) and (15) using the fluorine equation of state [14] .
The derivative T(db/dT)/b was also cOlllputed as a function of TITe for the liquid. Plotting this derivative in figure 5 , one notices the similarity with oxygen or methane. We will, therefore, assume that the MET representation of fluorine would be similar to the MET representation of oxygen and methane. Further, we assume that the fluorine prediction would deviate by the same amount as observed for methane. Accordingly, the MET viscosities and thermal conductivities for fluorine were expressed in the excess function format and the curves lowered by a percentage consistent with the methane deviation pattern """""10-30 percent, the difference increasing with density. The MET values and scaled adjusted values for fluorine are shown in figure 6 . It should he noted that the scaling adjustment affects the transport coefficients significantly only at densities grea ter than f"-I2pc.
Critical Region
The adjusted viscosity as shown in figure 6 is effectively our final result for that coefficient, but further calculations are required before the thermal conductivity coefficients can be tabulated. It is now recognized that this latter coefficient exhibits an anomalous rise in the critical region and approaches infinity at the critical point. While the phenomenon cannot at present be incorporated into any systematic theory, such as the MET, it has been studied separately by several authors. In particular, Sengers and Keyes [18] , have an expression for the critical excess conductivity close to the critical point (Pc, Te) . . Nevertheless, calculations of the excess conductivity away from the critical point present some problems. A very elementary problem, for example, is to decide how far from the critical point the excess is significant.
The procedure adopted by us-which must be regarded as entirely preliminary-is based on a computation of the critical point excess for oxygen proposed by Roder [I5J.
It is based on the fact that the specific heat at constant pressure, C(p); approaches infinity at the critical point. Extending equation (13) , one can write:
where Ac(P. T) i~ thp critical point excess therlllal conductivity at a given density and temperature. Consider a critical excess specific heat Cc(p) with X = 1, 2, 3, and T' = an arbitrary temperature of magnitude 1""<o..I1.2Tc• Also shown as a dashed curve is an isotherm representing temperatures less than To, i.e.,
T" < 1'4 < Te where Til is a temperature of magnitude of '""'-./O.8Tc (see reference [15] ). For fluorine, we have no way of measuring the required constants K, a, and b, or the details of the curves corresponding to figure 7, but we have established that fluorine transport coefficients roughly correspond with those for oxygen or methane. Consequently, parameters for fluorine were estimated from the recent similar calculation for oxygen [IS], but using the fluorine equation of state with the result that K=0.0108, a=0.20S614, b=.0910835, T'=17S.9 K, and 1'''=113.0 K. The functions for the curves similar to figure 7 at various temperatures are available as a computer routine. The critical point excess thermal conductivity coefficients were thus generated for several temperatures and added to the excess thermal conductivity previously ·determined. The total excess curve is shown as figure 8.
Dense Gas and Liquid Tables
The viscosity and thermal conductivity tables were generated from the excess function curves using the equation of state to convert from density to pressure. The results are given in tables 3 and 4. We also include for convenience table S which gives the transport coeffi-cients at the saturated liquid and vapor boundaries. Units chosen for the tables are: temperature in Kelvin, pressure in atmospheres (1 atm = 0.101325 MN/m 2 ), viscosity in g/ cm· s, and thermal conductivity in mW /cm·K. We remark, however, that these tables have been converted to other sets of units and will be published shortly in an NBS Technical Note. We place an error estimate on the numerical values of about 10-20 percent, worse in the critical region for thermal conductivity ('"'-'50 percent}. The error estimate is based on the uncertainties in the MET known for other fluids plus the uncertainty in the dilute gas values discussed previously.
Comparison With Experiment
We have decided that, while the available experimental transport data are too scattered or too imprecise to form a basis for the construction of tables, theoretical calculations permit acceptable tables to be generated. Since transport data have effectively been eliminated on experimental grounds, a comparison between theory and these experiments throws no light on the reliability of the predicted tables. Nonetheless, as a matter of interest, we plot calculated viscosity and thermal conductivity coefficients (solid lines) along with the experimental points in figures 1 and 2. It turns out that agreement between prediction and experiment is generally close.
Conclusion
Tables for the viscosity and thermal conductivity coefficients of fluorine have been generated without recourse to transport property data. The tables are believed to be as good as possible at the present time, but are not to be regarded as authoritative. We place an error estimate of five percent on the values in the dilute gas tables and 10-20 percent on the values associated with pressures above five atmospheres.
Acknowledgments
W.e are grateful to H. M. Roder for discussions of the conductivity around the critical point and to G. Hansen for his help with the programming. The ad vice of Professor E. G. D. Cohen in the early stages of this program is also gratefully acknowledged.
Appendix-Corresponding States
We think it necessary to comment on the law of corresponding states which is a convenient correlating tool for many properties of fluids and obviousl y comes to mind in our case: it would be quite straightforward if one could obtain the transport properties of fluorine given the properties of another fluid. In fact, this approach has been followed in the past [9, 16, 17] viscosity of oxygen, nitrogen, methane, and argon is sketched in figure 9 . Experimental saturated liquid viscosities were reduced via potential parameters and the temperature by equation (1) . Since the reduced viscosities do not fall on a common curve, the law of corresponding states is riot obeyed. While this can be explained as a failure of the law to apply to polyatomic molecules, the important conclusion to be drawn from the figure is that one has no indication how fluorine would behave. One could equally assume fluorine to be like nitrogen, say, or like oxygen. (The fluids shown in figure 9 could be made to fall on a' common curve by incorporating extra parameters into the reducing equations. Invariably, then, knowledge of any extra parameters comes from the data themselves, and here we have assumed that no reliable fluorine data exist.) Upper drawing: Dilute gas thermal conductivity coefficients due to Frank [3] . Lower drawing: Dilute gas viscosity coefficients from Frank [4] , squares, and Kanda [10] , triangles. The solid curves are our calculated values. Note that fluorine appears to correspond to methane and oxygen. 
